Abstract-Effective battery voltage regulation is fundamental to extend battery lifetime and to avoid overvoltage. However, the design of this regulation is complicated due to the wide battery impedance range, which, when dealing with universal chargers, is dependent not only on the operating point but also on the battery type and size. This paper first shows how the voltage response becomes highly variable when designing the controller as described in the literature. Then, it proposes to emulate virtual impedance in parallel with the battery, making it possible to achieve a voltage control which is independent of battery characteristics. Experimental results are carried out for a new lithium-ion battery with 25 mΩ impedance and an overused lead-acid battery with 400 mΩ impedance. For this large impedance variation, the results evidence the problems of the conventional control and validate the superior performance of the proposed control.
number of cycles. This solution leads to an increase in other systems costs, which is usually addressed through an economic optimization [13] , [14] .
Another means to extend battery lifetime is to correctly perform battery charging. In fact, it is reported that improper charging induces the rapid buildup of internal stress and resistance, crystallization, and other negative effects [15] [16] [17] . Among the various methods, the most widespread are constant-current (CC)-constant-voltage (CV) charging for lithium-ion batteries [18] , the three-stage charging for lead-acid [19] , [20] , and flow batteries [21] , [22] .
Although designed for different battery technologies, these two methods are essentially identical, as shown in Fig. 1 . In both cases, the first stage is CC mode, where the battery current is either controlled to a certain value I H if power is available (for example, in an electric vehicle charge) or to below this nominal value according to resource availability and energy management strategy (for example, in a renewable-energy power plant or a microgrid). During this stage, both the battery voltage and the state-of-charge (SoC) increase. Then, when the voltage reaches a certain rated value, the charger control switches to CV mode, 0885 -8993 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. where the voltage is regulated. This rated voltage is provided by the battery manufacturer and, in the case of lithium-ion batteries, it is named overcharge voltage, while in the case of lead-acid and flow batteries, it is called absorption voltage. In this second stage, the battery current continuously decreases and the SoC continues to increase. For lithium-ion batteries, this is the last stage before stopping. However, for lead-acid and flow batteries, a third state, called float charging, is necessary. The charger control switches to this stage once the battery current becomes lower than a certain threshold I L and, from that moment onward, the voltage is regulated to the float voltage [18] [19] [20] [21] [22] . As a result of the charging process, the converter interfacing the battery must be able to carry out both voltage and current regulations. For this purpose, two main control strategies are found in the literature, as shown in Fig. 2 . In the first one, see Fig. 2(a) , the battery voltage and current are controlled by means of single feedback loops, where the controller output is in both cases the control voltage. Depending on the charging stage, the charge mode selector choses between CC or CV modes [23] [24] [25] . The second solution uses cascaded feedback loops, where the battery current is controlled in the inner loop, as represented in Fig. 2(b) . The reference current is selected as the lowest between two values, namely I * bat,CC , dedicated to control the current in CC mode, and I * bat,CV , calculated by the outer loop, and dedicated to control the battery voltage in CV mode. During CC mode, I * bat,CC is selected and the outer loop is thus deactivated. Then, during CV mode, I * bat,CV is selected and reduced below I * bat,CC in order to control the battery voltage [26] [27] [28] [29] [30] .
Excluding low power applications, the cascaded solution is preferred since the battery current is always controlled. This avoids current transients during voltage regulation and helps extend the battery and converter lifetimes. However, in this scheme, the design of the battery voltage regulation is complicated due to the wide battery impedance range which can be seen by the converter. Indeed, in a system with a predetermined battery, the impedance changes with the operating point, including SoC, state-of-health and temperature. In addition, many battery manufacturers offer universal battery chargers, which are designed to be able to operate with different batteries. As a result, the impedance is also dependent on the battery technology and chemistry, as well as on the number of cells connected in series and parallel [31] , [32] .
Despite this fact, many authors design the voltage controller for a certain impedance value, without considering how impedance variation can affect the control [24] , [26] [27] [28] , [33] , [34] . As will be shown in this paper, this leads to an extremely variable performance of the voltage control, which becomes either too slow or too fast at some operating points, and could even become unstable.
This variable dynamic performance is not critical when a dispatchable power source is available, such as in the case of an electric vehicle being charged from the grid. However, in renewable-energy-based stand-alone systems, the change from CC mode to CV mode can be abrupt as a result of an increase in the renewable resource or a load disconnection, causing an overvoltage in the battery [7] , [35] . In order to relieve the damage on the battery, it is very important that the voltage regulation responds fast enough independently of the connected battery.
In order to achieve a robust control against parameter variations, nonlinear control methods have been proposed in the literature. In [25] , the battery voltage is regulated by using hysteresis control. Whereas the dynamic variability is reduced, this method presents low noise immunity and implies variable switching frequency. In [29] and [30] , an adaptive control is proposed to be robust against battery resistance variation. The problem of this method is that a complex algorithm is required to estimate the resistance value. In [36] , fuzzy logic is used in order to control the battery voltage. In this case, controller parameters must be experimentally tuned and control robustness is not assured [37] . This paper proposes a simple, linear, and robust control for battery voltage regulation. A small virtual impedance in parallel with the battery is emulated in such a way that the control becomes almost independent of the battery impedance value. Given the present diverse range for battery types and sizes, this control is very useful since it makes it possible to use a universal charger. Compared to the other methods, the proposed control achieves constant switching frequency and the computational cost is very low since only a first-order filter and a subtraction needs to be added to the conventional PI controller.
The paper is organized as follows. Section II describes the problem of conventional chargers, showing how the battery impedance variation affects the voltage control performance. Section III presents the proposed control for different types of virtual impedances. Then, in Section IV, experimental results are provided to verify the proposed regulation for the case of RL virtual impedance. Finally, the conclusions of this study are given in Section V.
II. DESCRIPTION OF THE PROBLEM
The system analyzed is shown in Fig. 3 and consists of a battery connected to a boost converter. The output can vary depending on the application, which could be a voltage-fed inverter or an electric vehicle dc bus, for example. Although a capaci- tor is often included at the input to reduce the high-frequency current provided by the battery, as the capacitor is very small and does not affect the voltage regulation, it can be disregarded. Thanks to its advantages for this application [29] , the control scheme chosen for the battery charger is a cascaded feedback loop, as shown in Fig. 2(b) . In this scheme, the inner inductor current loop can be easily made independent of the input impedance by using measured variables v bat and v dc as feedforward compensations, as carried out in [38] and [39] .
In contrast, it is obvious that the battery impedance does have an influence on the voltage regulation. The battery model usually considers an open-circuit voltage source V oc in series with an internal resistance and one or more RC branches [28] . Since the variation of the open-circuit voltage is very slow, this source can be considered as a constant disturbance for the voltage regulation. Concerning the impedance, for low frequencies around the cutoff frequency of the voltage regulation, the model can be considered as pure resistance R bat [40] , [41] . As a result, the small-signal plant to be controlled is as follows:
Since a universal battery charger is used, it is considered that the battery resistance is unknown for the control. The R bat value can be within a wide range and depends on the battery technology and chemistry, operating point, aging, and series-parallel cells connection. In order to evaluate the performance of the battery voltage control, it is important to obtain the possible resistance range. For this purpose, the battery charger specifications, shown in Table I , must be taken into account. From the various possibilities, the minimum battery resistance R bat,min occurs in a new lithium-ion battery, with low nominal voltage and high maximum current (48 V, 50 A), operating at high temperature (50°C) [42] [43] [44] . Taking into account commercial lithium-ion batteries, the mentioned conditions and the wire resistance, one obtains R bat,min = 10 mΩ.
On the other hand, the maximum battery resistance, R bat,max , can be found for an overused lead-acid battery, with high nominal voltage and low capacity (240 V, 75 Ah), operating at low temperature (-10°C) [45] , [46] . In this situation, the maximum resistance for a commercial lead-acid battery becomes R bat,max = 1 Ω. As a result, it can be observed that the battery resistance value can be between 10 mΩ and 1 Ω, i.e., within a rate of 100, making it difficult to achieve a parameter-independent voltage regulation.
The most common method to control the battery voltage is by directly using an integral or PI controller [26] [27] [28] , [33] . This method is very simple and its scheme is shown in Digital sampler S v can be approximated as follows:
where ω s = 1/(1.5 · T s ) and T s is the controller sampling time. The voltage sensing transfer function H v can be expressed as follows:
where ω v = 1/τ v , τ v is the time constant of the voltage sensing, and K v is the scaling constant of the voltage sensing, which will be taken as 1 in order to simplify the analysis. The inner inductor closed-loop can be approximated as a first-order transfer function:
where ω cl is the angular cutoff frequency of the current control.
Concerning voltage regulator C v , an integral controller is considered in this example, C v = K i /s. Parameter K i is usually calculated by assuming that the system plant is (1) for a certain battery resistance value, without taking into account its variation range. In this case, the resistance is considered as the geometric mean between R bat,min = 10 mΩ and R bat,max = 1 Ω, that is, R bat,medium = 100 mΩ. According to the battery features, a low The compensated open-loop for three different battery resistances with this integral controller is shown in Fig. 5 . As can be observed, the voltage response is as designed, with f c = 0.5 Hz, only for R bat,medium = 100 mΩ. However, it slows down to f c = 0.05 Hz for R bat,min = 10 mΩ, and speeds up to f c = 3.7 Hz for R bat,max = 1 Ω. With regard to stability, the phase margin (PM) decreases as the battery resistance increases, reaching a value of PM = 39
• for R bat,max = 1 Ω. The conventional control is tested by using PSIM simulation software. The model includes the battery, a boost converter, and a single-phase inverter connected to the grid. The simulation results for three different battery resistances are shown in Fig. 6 , where the reference voltage is modified so that the current increases from 0 to 20 A in the three cases. It can be observed that the response is very variable depending on R bat , specifically the rise time (from 10% to 90% for overdamped systems and from 0% to 100% for underdamped systems [47] ) is t r,1 Ω = 38 ms, t r,100 m Ω = 620 ms, and t r,10 m Ω = 6.8 s. Indeed, the control is too far from the desired performance and is not suitable for some applications.
The fact that the control becomes very slow under certain conditions can cause a large and prolonged overvoltage in renewable-energy-based stand-alone systems. To show this problem, the conventional control is tested for a 25 mΩ battery in a situation where the boost converter charger is connected to a photovoltaic-based stand-alone system, where the simulation results are shown in Fig. 7 . At the beginning, the battery voltage is below the maximum value and, as a result, the reference current for CV mode, I * bat,CV , is saturated to the maximum value. Therefore, CC mode is selected and the outer voltage loop is deactivated. Then, at second 6, an irradiance rise occurs, causing the battery current and voltage to increase. It can be observed that the voltage control activation is belated and its response is very slow, provoking a large and prolonged overvoltage. As shown in the figure, the maximum battery voltage reaches 54.60 V, well above the maximum voltage, and the duration In order to compensate the wide resistance range, some authors have proposed nonlinear control schemes [25] , [29] , [30] , [36] . Although they do improve the robustness against parameter variations, these controls are either much more complex or are unable to maintain a constant switching frequency.
III. PROPOSED METHOD

A. Description
A straightforward strategy to reduce the influence of the battery resistance variation would be to add a small impedance, Z real , in parallel with the battery. If this impedance is small enough around the frequencies of concern, then the system would behave as this known impedance, and thus the plant variability would be completely removed. In doing so, the plant becomes the following:
where ω c is the angular cutoff frequency of the battery voltage regulation. By using this impedance, the battery voltage control loop is represented in Fig. 8(a) , where i Z real is the impedance current and V oc disturbance is omitted. Although this impedance is obviously too small for practical applications, it could be ideally emulated by calculating the impedance current as a function of the battery voltage. By means of this virtual impedance Z v , the voltage control is represented in Fig. 8(b) , where i Z v is the virtual impedance current, and i v = i * L + i Z v is the virtual current. By comparing the figures, it can be observed that, in reality, the impedance emulation is not exact because the measured voltage is used instead of the real voltage, and the reference current is modified instead of the real battery current. However, if it is assumed that the current closed-loop, the voltage sampling, and the voltage measurement are fast enough, then both loops are equivalent. As a result, the battery resistance influence is also eliminated, with the advantage that real impedance is not required. In this case, the system plant is equivalent to (5) and (6), more specifically
Z eq,approx (s) =v
With this approximation (H v = 1, S v = 1, and G icl = 1), the battery voltage control loop is represented in Fig. 8(c) . This model describes the low-frequency behavior of the system and thus can be used to design the voltage controller. However, in order to model the high-frequency behavior, the current closed-loop, the sampling, and the measurement transfer functions must be taken into account. In this way, the voltage control loop shown in Fig. 8(b) can be accurately modeled by considering the actual equivalent impedance, as shown in Fig. 8(d) . From Fig. 8(b) , this equivalent impedance can be obtained as follows:
Depending on the system parameters and virtual impedance Z v , the equivalent impedance Z eq may include right-half-plane (RHP) poles. Since the cutoff frequency is much lower, it would be impossible to stabilize the voltage regulation in such a situation. Therefore, when designing the virtual impedance, attention must be paid to avoiding RHP poles for the whole operating range of battery resistance R bat . The Routh-Hurwitz stability criterion will be applied to the denominator of (9) in order to determine the presence of RHP poles.
B. Choice of Virtual Impedance
The desired properties of the virtual impedance are as follows. 1) Low impedance around the cutoff frequency so that the battery resistance has no influence [see (8)]. 2) High impedance at high frequency in such a way that the voltage harmonics present in the battery voltage measurement are not amplified. This includes the measurement noise or the pulsation at twice the grid frequency present in single-phase systems. 3) When using analog controllers, high impedance at dc in order to avoid a very high value of the dc virtual current. This condition is not important for digital implementations since a high virtual current is not physically present in any circuit and can be dealt with by the controller. 4) Simple implementation. 5) Interaction with the control loop so that the equivalent impedance Z eq has no RHP poles. Among the various virtual impedances which can be envisaged for this application, Fig. 9 shows the most suitable ones, namely R, RC, RL, and RLC. In all cases, the impedances are designed to comply with the first property and thus have low values around ω c . The high-frequency impedance is high when an inductor is present (RL and RLC) but otherwise low due to the low R value. The importance of this property in the real implementation makes it possible to disregard the R and RC impedances. The dc impedance is infinite when a capacitor is present and low in other cases, although this does not represent a problem in the case of a digital control. Digital implementation requires a constant gain for the R impedance, a constant gain with a first-order high-pass filter for the RC impedance, a constant gain with a first-order low-pass filter for the RL impedance, and a second-order bandpass filter for the RLC impedance. With regard to the appearance of RHP poles in the impedance Z eq [see (9) ], the Routh-Hurwitz stability criterion has been applied, and the suitable range for the battery resistance is shown in Fig. 9 , where two angular frequencies are defined as ω RC = 1/RC and ω RL = R/L. Although the accuracy of the displayed conditions is sufficiently high for this application, it must be noted that they are not exact since they are obtained by alternately disregarding different dynamics.
Among the four possibilities, impedance RL is chosen because of its adequate high-frequency behavior and its simple implementation. In order to design the R and L values, it should be considered that low values make it possible to obtain a low impedance around ω c and thus reduce the battery resistance influence. On the other hand, high values are preferred in order to increase the high-frequency impedance and also to extend the allowable operating range by helping to prevent the appearance of RHP poles. Therefore, the values R = 35 mΩ and L = 11.2 mH are selected as a tradeoff. This leads to an allowable operating range for battery resistance R bat < 2.45 Ω, which falls within the actual operating range (10 mΩ < R bat < 1 Ω).
By using this RL virtual impedance, the bode plot of equivalent impedance Z eq is shown in Fig. 10 for three different battery resistances (R bat,min = 10 mΩ, R bat,medium = 100 mΩ, R bat,max = 1 Ω), and for the ideal case with R bat → ∞, H v = 1, S v = 1, and G icl = 1, in which Z eq = Z v . As can be observed, around 0.5 Hz, the plants for R bat,medium = 100 mΩ and R bat,max = 1 Ω behave as the virtual impedance, while the plant for R bat,min = 10 mΩ behaves as the virtual impedance in parallel with the battery resistance. Thus, thanks to the proposed method, the impedance variation at the frequencies of concern has been greatly reduced, particularly form a ratio of 100 to 5.5.
C. Controller Design for RL Virtual Impedance
Instead of the conventional PI controller, the voltage controller is selected as an integrator to avoid the steady-state error together with a pole to increase the gain margin. The controller can be expressed as follows:
where K i is the controller gain and ω p the pole frequency. For the controller design, the ideal case Z eq = Z v is assumed, that is with R bat → ∞, H v = 1, S v = 1 and G icl = 1. Then the controller parameters are obtained for that plant, a cutoff frequency of 0.5 Hz, and a PM of 80°.
Once the controller is designed, the compensated openloop is represented in Fig. 11 using the mentioned RL virtual impedance, and for three different battery resistances (R bat,min = 10 mΩ, R bat,medium = 100 mΩ, R bat,max = 1 Ω). It can be observed that, for high battery resistances, the voltage 
b) Assume that the plant seen by the controller is the virtual impedance (for
.
Determine K i and ω p in order to obtain the desired cutoff frequency ω c and Phase Margin (PM ࣙ 60°).
response is in line with the specifications, while for very low battery resistances, the control becomes slower. Specifically, the voltage response slows down from 0.49 Hz for R bat,max = 1 Ω up to 0.13 Hz for R bat,min = 10 mΩ. Comparing these results with the bode plot for the conventional control shown in Fig. 5 , it is clear that the plant variability effect has been greatly reduced.
D. Design Procedure and Simulation Results
The design procedure for the proposed method is summarized in Table II , where the specific values are given for the case presented in the paper. It is worth noting that this is a straightforward design and cannot substitute the whole design presented in this section for a more general approach.
The proposed control is tested by using PSIM simulation software. The model includes the battery, a boost converter, and a single-phase inverter connected to the grid. The simulation results for different battery resistances are shown in Fig. 12 , where the battery voltage and its reference are plotted. It can be observed that the voltage response is as designed for R bat,max = 1 Ω and R bat,medium = 100 mΩ, and it becomes slower for R bat,min = 10 mΩ, as predicted by the previous analysis. More precisely, the rise time (from 0% to 100% for underdamped systems [47] ) is t r,1 Ω = 860 ms, t r,100 mΩ = 940 ms, t r,10 mΩ = 3.1 s, greatly improving the results of the conventional control shown in Fig. 6 .
The proposed control is also tested with PSIM for a photovoltaic-based stand-alone system for the same conditions as carried out for the conventional control. The results are plotted in Fig. 13 , where the battery voltage evolution after an irradiance rise is shown. As it can be observed, the voltage response is much faster, making it possible to reduce the overvoltage Fig. 7 . Specifically, the maximum battery voltage reaches 54.41 V, and the duration of the overvoltage is much shorter (the voltage remains 1.1 s over 54.1 V), helping to expand the battery lifetime. In summary, the proposed control is stable and fast enough for every situation, including the scenario with R bat = 10 mΩ, where the operating conditions, battery chemistry and technology, and voltage and capacity levels represent the worst case.
IV. EXPERIMENTAL RESULTS
In this section, the conventional control and the proposed control for an RL virtual impedance are tested and compared. With this aim, two different batteries are connected through a commercial single-phase inverter to the grid. The first stage of the inverter is a boost converter, whose features are shown in Table I . The specifications of the two batteries are shown in Table III . The photos of the elements used for the experiments are shown in Fig. 14 . During the tests, the series resistance was around R bat = 25 mΩ for the lithium-ion battery and around R bat = 400 mΩ for the lead-acid battery.
The conventional voltage control is first validated for the two mentioned batteries. For this purpose, the original inverter control, which consists of an integral controller designed for R bat,medium = 100 mΩ (see Fig. 4 and Section II), is not modified. The battery current and voltage are depicted in Fig. 15 for steps in the reference voltage. As can be observed, the control response strongly depends on the battery resistance, becoming too fast and underdamped for the lead-acid battery (R bat = 400 mΩ) and too slow for the lithium-ion battery (R bat = 25 mΩ). More precisely, the rise time of the voltage response varies from t r = 110 ms to t r = 3.7 s, and is in both cases very far from the desired performance (using 3/ω c , the rise time should be close to 950 ms).
The proposed control is then validated for the case of RL impedance emulation, with R = 35 mΩ and L = 11.2 mH. With this aim, the inverter configuration is modified in order to implement the proposed method presented in Section III [see Fig. 8(b) ]. Fig. 16 shows the battery current and voltage for steps in the reference voltage. As can be observed, the control response is now less dependent on the battery resistance and close to the design specifications for both the lead-acid and lithiumion batteries. More precisely, the rise time is t r = 600 ms for the lead-acid battery and t r = 1.2 s for the lithium-ion battery, close to the desired performance (t r = 950 ms). It is worth noting that, if required, the voltage response variability can be further reduced by decreasing the virtual impedance (R and L values), at the cost of deteriorating the noise immunity.
V. CONCLUSION
Effective battery voltage regulation is a fundamental requirement in order to extend the battery lifetime. However, it is difficult to obtain a parameter-independent voltage control since the battery impedance can vary drastically depending on battery technology, operating point, aging, and series-parallel cell connection.
As proposed in this paper, emulating a small virtual impedance in parallel with the battery makes it possible to greatly reduce the plant variability seen by the controller. Hence, a simple linear controller achieves the same voltage response for completely different battery systems and conditions, as shown in the experimental results for a 25 mΩ impedance lithium-ion battery and a 400 mΩ impedance lead-acid battery.
Among the virtual impedances which have been considered, the RL one is best suited for practical applications, thanks to its noise immunity and simple implementation. When dealing with applications in which the battery impedance can reach even lower values, then a virtual impedance in series with the battery impedance could also be emulated to further reduce plant variability.
This method can be applied to other current-mode controlled systems with highly variable impedance such as photovoltaic systems, small wind turbines, or fuel cells.
